A method is described to evaluate backbone interactions in proteins via computational unnatural amino acid mutagenesis. Several N-acetyl polyalanyl amides (AcA n NH 2 ) were optimized in the representative helical (3 10 -, 4 13 -, and a "hybrid" κ-helix, n ) 7, 9, 10, 14) and hairpin (two-and three-stranded antiparallel -sheets with type I turns RR , n ) 6, 9, 10) conformations, and extended conformers of N-acetyl polyalanyl methylamides (n ) 2, 3) were used to derive multistranded -sheet fragments. Subsequently, each residue of every model structure was substituted, one at a time, with L-lactic acid. The resulting mutant structures were again optimized, and group-transfer energies ∆E GT were obtained as heats of the isodesmic reactions: AcA n NHR + AcOMe f AcA x LacA y NHR + AcNHMe (R ) H, CH 3 ). These group-transfer energies correlate with the degree of charge polarization of the substituted peptide linkages as measured by the difference ∆e in H and O Mulliken populations in HN-CdO and with the H-bond distances in the "wildtype" structures. A good correlation obtains for the HF/3-21G and B3LYP/6-31G* group-transfer energies. The destabilization effects are interpreted in terms of loss of interstrand and intrastrand H-bonds, decrease in Lewis basicity of the CdO group, and O‚‚‚O repulsion. On the basis of several comparisons of Ala f Lac ∆E GT 's with heats of the NH f CH 2 substitutions, the latter contribution is estimated (B3LYP/6-31G*) to range between 1.5 and 2.4 kcal mol 2001, 59, 276) . Thus, the isodesmic reaction approach provides a simple way to gauge how conformation of the polypeptide chain and dimensions of the H-bonding network affect the strength of backbone-backbone CdO‚‚‚HN bonds. The results indicate that the stabilization provided by such interactions increases on going from 3 10 -helix to R-helix to -sheet.
Introduction
Site-directed mutagenesis has been successfully used to probe participation of individual residues in binding, catalytic action, folding, and stabilization of proteins.
1,2
However, the interpretation of the apparent energy of interaction ∆∆G app , i.e., the change in free energy of equilibrium or activation caused by a single amino acid substitution, is often difficult due to the uncertainties concerning solvation, mutant's structural integrity, and unfolded-state ensemble. 3 An example is unnatural amino acid mutagenesis aiming at evaluation of the role of backbone-backbone CdO‚‚‚HN bonds in stabilization of the native structure, 4 30, 153. in molecular recognition. [11] [12] [13] [14] [15] [16] [17] [18] [19] In this method, incorporation of an R-hydroxy acid into the polypeptide chain replaces the peptide linkage NH group with the ester linkage O. 20 , 21 Some results of such mutations appear consistent with the data suggesting that the strength of backbone-backbone H-bonds increases on going from turn or 3 10 -helix to R-helix to -sheet: 22 for instance, the substitutions in N-H-acceptor peptide bonds are destabilizing by 0.9 kcal mol-1 in the R-helix 39-50 in T4 lysozyme, and by 1.5-2.5 kcal mol -1 in the antiparallel -barrel of Staphylococcal nuclease. 4 Unfortunately, the experimental ∆∆G°determined upon deleting or perturbing one member of a hydrogen bond pair does not provide a direct measure of the strength of a hydrogen bond. Rather, the ∆∆G°reflects the difference between the amide interactions in the folded and unfolded states, and the ester interactions in the folded and unfolded states, all in water. For the enzyme-inhibitor complexes, the apparent free-energy change ∆∆G amidefester associated with the NH f O substitution is proposed to be affected by loss of the backbone H-bond, the differential dehydration energy of inhibitors in the free form, and the electrostatic and van der Waals interaction between the two oxygen atoms in the H-bond depleted complex: 15 . In either case, a number of assumptions concerning the degree of solvent accessibility at the site of mutation, solvation energies, energies of other dipoledipole interactions in the local protein environment, etc. are required to interpret the magnitude of the destabilization effect. 4a So far, there is no conclusive evidence relating to such assumptions. For instance, the NH f O and NH f CH 2 substitutions were found to have the same effect on stability of the BPTI complex with trypsin, 13 hence neither ∆G O‚‚‚O nor (∆G amide solvation -∆G ester solvation ) contribution seemed here significant.
15,16
The same conclusion in regard to ∆G O‚‚‚O was reached by comparing mutations at the N and C termini of R-helix 39-50 in T4 lysozyme. 4a On the other hand, there is a considerable difference in the effects of the NH f O and NH f CH 2 substitutions on the complexes of thermolysin with phosphorus-containing peptide analogues, 12 and vancomycin with Ac D A D A, 19 and it was proposed that it is the O‚‚‚O repulsion, not the H-bond loss, that is responsible for the larger share of the reduced binding affinity. 19 Furthermore, the free-energy perturbation calculations indicated that reduction in the solvation energy can be a major factor in the case of thermolysin complexes. 23 The need to develop a better understanding of the effects of the Ala f Lac substitution is underscored by a number of "anomalous" results: the destabilization effect can be greater for the mutation at the N-Hacceptor bond than at the N-H-donor bond (0.9 kcal mol -1 at N-terminus of R-helix 39-50 in T4 lysozyme, Leu-39, but only 0.7 kcal mol -1 at C-terminus of the same T4 lysozyme helix, Ile-50), 4a or even greater than at the N-H-acceptor/donor bond (2.5 kcal mol -1 at Leu-14 of Staphylococcal nuclease, but only 1.7 kcal mol -1 at Ser-44 in the middle of R-helix 39-50 in T4 lysozyme), 4ab while the NH f O substitution at the P2 position of eglin c unexpectedly leads to enhancement in both stability and binding to several serine proteases. One way to circumvent many of the difficulties of the above method is to examine the effect of a single-site substitution by quantum mechanical methods. Ab initio MO or density functional theory studies will allow separation of the continuous dielectric and specific solvation effects, and remove the unfolded-state ensemble from the thermodynamic cycle by estimating the strength of a given bonding interaction via an isodesmic reaction scheme. 24 Furthermore, such studies might provide detailed information about the possible distortions of the wild-type structure that can be expected as a result of a single-site mutation. 25 In this paper, we describe an application of such a quantum chemical approach to the R-amino acid f R-hydroxy acid substitutions.
Computational Methods
In the first part of the study, a number of N-acetyl polyalanyl amides (AcAnNH2) were fully optimized in the conformations corresponding to the 310-(n)7, 9), 413-(R-helix, n ) 10, 14), and "hybrid" κ-helix (an R-helix with the C terminal 310-turn, often encountered in proteins, 26 n ) 9) as well as the hairpin and triple-stranded antiparallel -sheets (type I turns RR , n ) 6, 9, 10), at the HF/3-21G level of the theory. This method was recently reported by Topol et al. to yield satisfactory geometries of the local minima of N-formyl polyalanine amides such as 310 and 413(R) helices. 27 The protocol involved folding of the polyalanyl chain into the starting conformer using the standard i and ψi values and subsequently an unconstrained optimization. As was reported earlier, 27 only in the case of some helical minima it was necessary to initially constrain the structure to preserve the desired H-bonding pattern through the early stage of optimization. 28, 29 Thus, all the final helical and hairpin structures reported here were fully relaxed, and all the searches were completed by the default convergence criteria of Gaussian98. In the second part of the study, to derive planar antiparallel and parallel -sheet models, the protocol of Kubelka and Keiderling was used, 22c that is N-acetyl polyalanyl methylamides (AcAnNHCH3, n ) 2, 3) were folded into extended strands using i ) -138.6°and ψi ) 134.5°(the values from the crystal structure of -sheet poly-L-alanine, for the planar antiparallel model) and i ) -119°and ψi ) 113°(the standard values for the planar parallel model), and partially optimized with the i and ψi torsional angles constrained to the above values. The strands were assembled into binary and tertiary complexes which were partially optimized, that is the i and ψi angles were kept frozen at the initial level.
Subsequently, each residue of every "native" model structure was substituted, one at the time, with L-lactic acid, i.e., the backbone NH group was replaced by the O group. The resulting mutant structures were again optimized: full optimizations were performed in the case of the helical and hairpin conformers, and partial optimizations in the case of the multistranded -sheet models; that is, the i and ψi torsion angles continued to be constrained to the initial values.
The group-transfer energies ∆EGT for the above substitutions were obtained as heats of the isodesmic reactions: AcAn-NHR + AcOMe f AcAxLacAyNHR + AcNHMe (R ) H, CH3). The concept of such a reaction as it applies here is illustrated in Scheme 1.
To establish how reliable are the HF/3-21G group-transfer energies, a number of wild-type structures and their depsipeptide mutants were reoptimized at the B3LYP/6-31G* level (in addition, a few helical conformers were reoptimized at the HF/ 6-31G** and B3LYP/D95** levels). In each case, the optimization was continued untill the default convergence criteria were fully met. All of the calculations were performed using parallel version of Gaussian98 Revision A.7 installed on Sun Enterprise 4500 High-Performance Server, and Gaussian98 Revision A.11.2. 30
Results and Discussion

a. Ala f Lac Substitutions in Helix Conformers.
The group-transfer energies ∆E GT for mutations of the fully optimized helical conformers are summarized in Table 1 , and the representative native structures are shown in Chart 1. These reactions are endothermic SCHEME 1. Concept of Isodesmic Group-Transfer Reaction Applied to the Ala f Lac Mutagenesis a a The scheme presents a hypothetical reaction of AcA7NH2 in 310-helix conformation I with methyl acetate which yields 310-helical depsipeptide I5 and N-methyl acetamide. The mutation site is m ) 5 (the residue and peptide bond numbering begins at the N-terminus at the bottom of the diagram). Since the type and number of covalent bonds in the educts and the products are the same, and the chain conformation is roughly preserved in the depsipeptide, the major effect on the potential energy is expected to be due to loss of one backbone-backbone H-bond (O2‚‚‚NH5) and weakening of another one (O4‚‚‚NH7), and O2‚‚‚O5L repulsion.
(∆E GT > 0) that is the effect of mutation is, as expected, destabilizing. In the case of the endo peptide bonds in AcA 3 NHCH 3 constrained into a single R-helix turn, IX, the substitutions are thermoneutral; i.e., the NH and O interactions with the immediate molecular environment appear equivalent both in N,O-methyl acetyl derivatives and in the helical conformers of the peptide chain. 31 Examination of the integrity of H-bonding patterns and ψ i , i distribution in the depsipeptide mutants reveals a wide range of distortions of the "wild-type" structure. On one hand, the Ala f Lac substitution often causes just a small "localized" change of the backbone torsional angles so as to be nearly isosteric; see I5 in Scheme 1. On the other hand, this substitution can also produce a major conformational change associated with a formation of an additional, compensatory backbone-backbone interaction.
In the case of the helical structures, such distortions involve transitions from i, i + 3 to i, i + 4 H-bonding in the first turn of the 3 10 -helix as a result of mutation at the site m ) 3 (entries I3 and II3 in Table 1 ) and transitions from i, i + 4 to i, i + 3 H-bonding in the first turn of the R-helix as a result of mutation at the site m ) 5 (entries III5, IV5, and V5 in Table 1 ). The latter transition is reminiscent of the appearance of a 3 10 -helical segment at the connective part between the peptide and the depsipeptide units in the crystal structure of a pentadecadepsipeptide Boc(L 2 A) 2 (L 2 Lac) 3 OEt reported by Katakai et al. 25c and at the mutation sites in depsipeptides BocVALAibVLacLAibVALOMe and BocVALAibVLacLAibVLOMe reported by Karle, Das, and Balaram. 25e These transitions can be conveniently depicted in the H-bonding schemes in Chart 1: (i) in the diagram A, the N-terminal acetyl O (no label) would bond to N4H after the removal of N3H (mutation m ) 3, followed by the transition from i, i + 3 to i, i + 4 H-bonding), (ii) in the diagrams B and C, the O1 atom would bond to N4H after the removal of N5H (mutation m ) 5, followed by the transition from i, i + 4 to i, i + 3 H-bonding).
The extent of the "localized" conformational distortions is illustrated by the data in Table 2 which lists the backbone torsion angles in 3 10 -helix AcA 9 NH 2 28c and its m ) 6 mutant, AcA 5 LacA 3 NH 2 , at different levels of theory. In accord with the previous report, 27,28a there is a good agreement between the HF/3-21G and B3LYP/ 6-31G* geometries, with a minor change in the conformations of the terminal residues.
Examination of the molecular geometry of the mutant helices suggests that the main reason for the distortion is the O‚‚‚O repulsion rather than the difference in the amide and ester torsional potentials. The O‚‚‚N separation in helical backbone-backbone H-bonds is uniformly very close to 3.0 Å, but the O‚‚‚O separation in depsipeptide 3 10 -helices is 3.5-3.7 Å, and in 4 13 -helices 3.2-3.3 Å (HF/3-21G; B3LYP/6-31G* distances are 0.1-0.2 Å greater). The corresponding distances in the crystal structures are reported to be 3.81(2), 3.87(2) Å, 25c and 3.24(2), 3.47(2), 25d 3.1-3.3 Å, 25e respectively. Thus, the (31) IX is AcA3NHCH3 folded into a single turn of the R-helix using i ) -63.4°and ψi ) -37.6°, and partially optimized with all the i and ψi torsional angles constrained to the above values. The ∆EGT's for IX2, IX3 are -0.19, 0.63 kcal mol -1 (HF/3-21G), and -1.08, -0.29 kcal mol -1 (B3LYP/6-31G*). 9.9 7.7 9.0 13.2 14.8 7 4.0 8.1 9.8 11.4 8.7 6.5* 2.7* 8 7.6 9.4 11.6 9.9 0.6 0.4 9 4.6 5.7 11.7 9.7 6.9 7.1 10 5.2 11.2 6.4 9.1 11 11.4 12 10.4 13 6.5 14 6.4 a Asterisks indicate that the H-bonding pattern of the "wildtype" structure is not preserved in the depsipeptide mutant and/ or a compensating donor-acceptor interaction is introduced.
CHART 1. Three Types of Right-Handed Helices Examined in the Present Study: (A) 3 10 -Helix AcA 9 NH 2 II; (B) K-Helix AcA 9 NH 2 V; (C) r-Helix AcA 10 NH 2 III a a The pattern of the backbone-backbone H-bonding in each helix is shown in the convention of Topol et al. 27 The residues (mutation sites) are numbered beginning at the N-terminus at the bottom of the diagram.
depsipeptide helices are somewhat open on one side and compressed on the other, in the manner of selectively solvated R-helices in proteins. 26 The effect of Ala f Lac substitution on charge distribution in the helices is illustrated in Figure 1 using the difference ∆e in H and O Mulliken populations in HNCdO as a measure of charge polarization of the peptide bond. The mutation at the site m causes, as expected, a decrease in charge polarization of the peptide bonds m -3 and m + 3 (negative deviations in the plots in Figure 1 ), but it consistently increases the charge polarization of the immediately preceding m -1 bond. The increase is apparently due to the bonding interaction between the peptide and ester linkages, revealed by the short C i dO‚‚‚C j dO contacts (i ) amide, j ) ester; 2.7-2.8 Å rather than the standard 2.9-3.0 Å, HF/3-21G).
32,33
The NBO E(2) energies of the n O (NCdO)-π*(OCdO) interactions in the 3 10 -helix are indeed ∼2.5-3.0 times greater than those of the n O (NCdO)-π*(NCdO) interactions (e.g., LP(2) O37-BD*(2) C45-O47 in I: 0.90 kcal mol -1 ; in I5: 2.62 kcal mol
, HF/3-21G).
34
Smaller increases in charge polarization of the peptide bonds immediately following the mutation site can probably be attributed to the inductive effect which lowers Lewis basicity of the CdO group and increases Lewis acidity of the N-H group with the net change which usually is negligible, except for m ) 3, 10, 12. The data shown in Figure 1 are obtained at the HF/3-21G level, but the changes in charge polarization of the peptide bonds appear to be quite well reproduced at this level of theory. The ∆e values obtained for the reoptimized structures I, I4, II, and II6 are plotted against the corresponding HF/3-21G values in Figure 2 . The anisotropy of charge distribution is exaggerated at the lower levels of theory; nonetheless, the HF/3-21G model is certainly qualitatively useful. 27,28a The data for the mutants with altered backbonebackbone interaction patterns are marked in Table 1 with asterisks. For all the other structures, heat of the substitution reaction is expected to reflect primarily loss of CdO‚‚‚H-N bonding. It is therefore quite interesting to see in Table 1 a wide range of the ∆E GT values for the helical polyalanines I-V: (i) 1.7-3.3 kcal mol -1 in the case of substitutions in the bonds that are exclusively N-H-acceptors, (ii) 4.0-10.4 kcal mol -1 if the peptide bonds are exclusively N-H-donors, and (iii) 5.0-11.7 kcal mol -1 for the peptide bonds in the middle of the trimeric or longer arrays, i.e., the bonds which are simultaneously N-H-acceptors and N-H-donors. There are two noteworthy trends in these data: the increase in ∆E GT with increasing length of the given type helices, i.e., I vs II, or III vs IV, and the increase in ∆E GT on going from 3 10 -helix to 4 13 -helix, e.g., II vs III.
b. Multiple Ala f Lac Substitutions in the R-Helix. The early studies of the sequential polydepsipeptides poly(L 2 Lac) by Goodman et al. have suggested that while the substitution certainly decreases peptide helicity, even a multiple substitution does not entirely prevent folding into helical structures in nonpolar solvents. 35 Indeed, several Lac-based depsipeptides were recently found to adopt helical conformations by crystal structure analysis.
25c-f Furthermore, chymotrypsin inhibitor 2 (CI2) has been shown to tolerate, in terms of the folding characteristics, a replacement of an array of four amide bonds that span the length of its R-helix with ester bonds. 5 To model the latter modification, four substitutions were introduced in N-acetyldodecyl amide X . This value exceeds somewhat the anticipated destabilization effect of ∼18 kcal mol -1 (loss of three H-bonds), but the 4 13 -helical conformation is preserved in the quadruple mutant, Chart 2. The CdO‚‚‚O separations are about 3.1 Å. Interestingly, H-bonds in the remaining two amide arrays in the mutant are considerably shorter than the 
Isodesmic Reaction Approach to Ala f Lac Mutations
backbone-backbone H-bonds in the parent polyalanyl R-helix. The strengthening of these bonds could be due to to the increase in charge polarization of the peptide bonds as described earlier, section 3a. c. Ala f Lac Substitutions in Hairpin Conformers. The results for the three fully optimized hairpin models are listed in Table 1 (VI, VII, VIII), and the examples of the structures are given in Chart 3. A wide range of the ∆E GT values is also seen in this case. The substitution reactions are nearly thermoneutral in the case of the mid-turn linkages, i.e., peptide groups not involved in H-bonding at all (cf. entries VI4, VII4, VIII4, VII8, and VIII8 in Table 1 ), which corroborates the results obtained for the single-strand R-helix turn IX2,3. 31 However, several of the hairpin ∆E GT 's are considerably larger than the helix ∆E GT 's. The difference is quite conspicuous in the case of substitutions in several linkages that are exclusively N-H-acceptors, e.g., VI1, VII1, VIII1, and VIII10. Such magnitudes of the destabilization effects suggest an additional loss of bonding upon mutations in the -sheetlike fragments, vide infra. On the other hand, the data also indicate a number of possible compensating backbone-backbone interactions in the depsipeptide hairpins which in several instances seem to be quite flexible. Thus, the substitution next to the midturn peptide linkage can induce a rotation of the backbone chain which brings the NH group not involved in any H-bond in the 'native' structure into the vicinity of the ester O group and the carbonyl O of the preceding peptide bond, see VII5 in Chart 3A. This may have some compensating effect (cf. entries VI5, VII5, VIII5, VII9, and VIII9 in Table 1 ). Yet another compensating interaction may result from the donor-acceptor contacts C i d O‚‚‚C j dO as shown in Chart 3B (i ) amide, j ) ester; entries VII7 and VIII7 in Table 1 ): a rotation of the backbone chain enables the O‚‚‚C j dO approach in VII7 at the distance of 2.950 Å, and the O‚‚‚C j dO angle of 100°, which is optimal for a bonding interaction.
32,33 The two effects seem to combine in the mutant VIII7.
d. Ala f Lac Substitutions in Planar Parallel and Antiparallel -Sheet Models. To avoid the complexity of the fully optimized -hairpin models, we have examined several models assembled from the single strands which were kept in fixed conformations characteristic for the parallel and antiparallel -sheets; see section 2. The results are summarized in Table 3 . The layout of the table The average CdO‚‚‚HN bond distance in the array preceding the mutation sites (on the left-hand side of the diagram) is 1.997 Å compared to 2.107 Å in the parent helix X, in the array following the mutation sites it is 1.954 Å, compared to 1.972 Å in X. The average C idO‚‚‚CjdO (i ) amide, j ) ester) contact in X2.5.8.11 is 2.765 Å (color-coded orange), compared to the average 2.910 Å in X (i ) amide, j ) amide), and 3.091 Å for the alternative ester contact in X2.5.8.11 (i ) ester, j ) amide).
CHART 3. The Hairpin-based Triple-stranded -sheet Models: the VII5 (A) and VII7 (B) Mutants, and the Selected Backbone Interactions a
a The numbering of residues (and mutation sites) begins at the N-terminus in the upper left corner of the diagram. The structure VI is obtained by removing three residues from the C-terminus, VIII by adding there one residue. The backbone-backbone CdO‚‚‚HN bonds are shown in yellow. In VII7 (B), the C idO‚‚‚CjdO bonding interaction is shown in orange.
is meant to reflect the topology of the model structures as shown in Charts 4 and 5.
For instance, the data for mutations of the triplestranded parallel -sheet model XIII, shown in Chart 4A, are listed beginning with the H-bond donor N-terminus (the upper-left corner of the chart) in the left-most column, the index m denoting the mutation site; the second column list the data for the central strand, beginning at the top again, with the index m′ etc. Consequently, the entries in a row represent values for a perpendicular array of H-bonded peptide bonds, labeled m, m′, m′′. Only one column of the data is given for the structures XX and XXI shown in Chart 5A and Chart 5B, respectively, since the two strands in these alternative antiparallel tetrapeptide complexes are related by the 2-fold axis (note the sequence LSL in Chart 5A (XX) and SLS in Chart 5B (XXI), S and L referring to the small and large H-bonded rings). ∆EGT (kcal mol -1 ) for m (m′, m′′) Ala f Lac Mutations of N-Acetyl Polyalanine Methylamides from the Isodesmic Reactions AcAnNHCH3 + AcOMe f AcAxLacAyNHCH3 + AcNHMe (m, m′, and The group transfer energies ∆EGT (kcal mol -1 ) at the B3LYP/6-31G* level for the selected structures: XI1-3, 0.9, 3.3, 1.7; XVI1-3, 1.4, 4.5, 2.2; XVIII2,3, 5.8, 7.9; 1′,2′, 9.1, 13.9; 1′′-3′′, 4.9, 12.2, 2.2; XIX1-4, 1.5, 4.5, 4.3, 2.5. The range of the ∆E GT values is significantly greater for the present -sheet models than for the 3 10 -and R-helix models. There could be two major reasons for that increase. In contrast to the results obtained for the non-H-bonded peptide linkages in the R-helix turn or -hairpin, Ala f Lac mutations in the single extended strands XI, XIV, XVI, and XIX, are considerably endothermic (Table 3) , hence the large destabilization effects in the -sheet fragments are due in part to loss and weakening of the intrastrand CdO‚‚‚H-N bonding. 36 The second destabilizing contribution could be due to loss of the interstrand CdO‚‚‚H-C R bonding. Numerous structural data indicate that there is an additional interstrand bonding in the -sheets between the peptide carbonyl O and the C R -H; 37,38 the strength of such interactions was estimated to approach 1.1-2.6 kcal mol -1 in formamide and N-methylacetamide dimers. 39, 40 The most important interactions of the two types are indicated in Charts 4 and 5 in addition to the regular CdO‚‚‚H-N bonds between the adjacent peptide chains. The corresponding distances, e.g. in the fully optimized structure VIII, are 2.370-2.448 Å for the CdO‚‚‚H-C R interactions, and 2.186-2.382 Å for the "intrastrand" CdO‚‚‚H-N interactions (HF/3-21G).
CHART 4. Planar Parallel and Antiparallel -Sheet Models XIII (A) and XVIII (B) and the Selected Backbone Interactions
The charge-polarization parameters ∆e for the peptide bonds in several 3 10 -helix structures obtained at the HF/ 3-21G and B3LYP/6-31G* levels were compared in Figure  2 . The analogous plot for the present -sheet models shows a somewhat greater scatter, Figure 3 , but the correlation supports the earlier conclusion that the HF/ 3-21G model is qualitatively useful in reproducing charge distribution in the peptide chains.
Comparison of the Group-Transfer Energies at the HF/3-21G and B3LYP/6-31G* Levels
Since the HF level of theory using the 3-21G basis set significantly overestimates the energy of hydrogen bonds, 41 the question arises how reliable are the values listed in Tables 1 and 3 . To address this question, reoptimizations at the B3LYP/6-31G* level were carried out for a number of structures which define the obtained range of the group-transfer energiessthe two 3 10 -helices (I, II), the triple-stranded antiperiplanar -sheet (XVIII), and single strands in the extended (XI, XVI, XIX) and helical (IX) conformations, 31 along with the corresponding depsipeptide mutants. All these data are combined in the plot in Figure 4 . The correlation with the slope of 0.67 is quite satisfactory. The slope reflects the changes in the ∆E GT values in the extended strands (Table 3 , footnote b), whereas the actual scaling back of the HF/3-21G ∆E GT 's in several cases of the 3 10 -helix mutations is closer to 0.5.
Origin of the Destabilization Effects; Partitioning of the Group-Transfer Energy into Lost H-Bonds, Decrease in Lewis Basicity of the CdO Group, and O···O Repulsion
It seems reasonable to assume that the variation in charge polarization of the peptide bonds and in the CO‚‚‚ HN separation reflect the variation in the strength of backbone H-bonding. 42, 43 It is therefore significant that the destabilizing effects of Ala f Lac mutations, i.e., the group-transfer energies, correlate with the degree of charge polarization of the mutated peptide linkages measured by the difference ∆e in Mulliken populations at H and O in HN-CdO, and with with the H-bond distances in the "wild-type" structures. The ∆E GT vs ∆e plot in Figure 5 shows a reasonable correlation for the helix and hairpin mutants with the preserved "native" structure and pattern of backbone-backbone interactions. For the remaining mutants (the data marked with asterisks in Table 1 , and color-coded in Figure 5 ), the ∆E GT values deviate from the overall distribution in a manner consistent with attenuation of the loss of bonding as described earlier.
A similar plot is obtained for the constrained -sheet models, Figure 6 .
Finally, the dependence of the group-transfer energies on the H-bond distances can be tested on the samples including the peptide bonds involved exclusively either as N-H-donors or N-H-acceptors. The plots for the combined data from Tables 1 and 3 are shown in Figure  7 : in each ∆E GT sample, the correlation does seem to account for a major fraction of variance.
The correlations shown in Figures 5-7 suggest that loss or weakening of a hydrogen bond do usually constitute a major contribution to the destabilization effect of the Ala f Lac mutation, and the partitioning of the group-transfer energies should yield reasonable estimates of the electronic association energy of the backbonebackbone H-bonds. To discuss such a partitioning, it is convenient to distinguish four categories of the peptide linkages that are mutated in this study: (i) N-Hacceptor bonds; (ii) N-H-donor bonds; (iii) bonds that are simultaneously N-H-acceptors and N-H-donors; (iv) bonds that do not participate in H-bonding.
In the first case, the mutations do not remove any Cd O‚‚‚H-N bonds, but merely weaken the extant ones. The destabilization is expected because of the difference in the dipole moments and Lewis basicity of the esters and the amides, 44 but the effect cannot be very large. Abraham's H-bond structural group constants 45 predict ∼1-2 log unit difference in 1:1 complexation constants in the gas phase. 46 This estimate is quite consistent with the magnitude of the quoted above ∆E GT 's for I1-IV1, considering that the HF/3-21G values of the grouptransfer energies scale back at the higher level of theory, vide supra, by the factor of 0.5-0.7. As was already mentioned, the much larger destabilization effects resulting from substitutions in the -sheet N-H-acceptor peptide linkages suggest an additional loss of bonding. One of such additional contributions could be the intrastrand H-bonding which is quite large in the extended single strands, see Table 3 : the corresponding distances ) on the H-bond distance in the "wild-type" structure (Å): (A) black squares represent substitutions in the peptide linkages that are exclusively NH-bond donors; (B) red circles represent substitutions in the peptide linkages that are exclusively NH-bond acceptors. The ∆E GT data are taken from both Tables 1 and 3. in the fully optimized structure VIII are 2.186-2.382 Å for the "intrastrand" CdO‚‚‚H-N interactions. In the case of the constrained -sheet models, this contribution can be separated since by definition (Hess's Law), the loss of electronic association energy ∆D e due to an Ala f Lac mutation is equal to the difference of the group-transfer energies for the binary or ternary complex and the corresponding single extended strand ∆D e ) ∆E GT (SSm) -∆E GT (Sm). Some of the energies obtained this way are slightly larger than the ∆E GT 's for the helix mutants I2-V2, which is perhaps an indication of a small contribution of the interstrand CdO‚‚‚H-C R interactions, see section 3d. Thus, the overall range of the destabilization effects due to the decrease in CdO basicity is 1.1-2.6 kcal mol -1 (HF/3-21G; B3LYP/6-31G* estimate 0.7-1.7 kcal mol -1 ). In the second case, the Ala f Lac mutations in the helical N-H-donor bonds remove one H-bond and introduce a close O‚‚‚O contact, while the mutations in the -sheet N-H-donor bonds in addition remove an intrastrand H-bonds. Thus, the ∆E GT 's for mutants I6,7, II8,9, III8,9,10, IV12,13,14, and V9,10 (Table 1 ) and the ∆D e ) ∆E GT (SSm) -∆E GT (Sm) for the mutants XII2′, XIII2′′, XV3,2′, XVII2′, XVIII2′′, XX2, and XXI3 (Table  3 ) primarily comprise the loss of H-bond and the O‚‚‚O repulsion. By analogy to the experimental approach, 19 an estimate of the latter contribution can be based on a comparison of the group-transfer energies for Ala f Lac mutations (N-H f O replacement) with the grouptransfer energies for Ala f Iba (isobutyric acid) mutations which substitute the peptide linkage with the keto methylene moiety: AcA n NHR + MeCOCH 2 Me f AcA x -CH 2 CH(CH 3 )COA y NHR + MeCONHMe (R ) H, CH 3 ) (N-H f CH 2 replacement, the group-transfer reaction between a peptide and ethylmethyl ketone). The corresponding optimizations (HF/3-21G) were made for the Ala f Iba mutations I5C (11.1), I7C (7.8), III7C (11.6), III9C (10.1), IX2C (6.6), IX3C (7.2), XVI2C (5.6), XIX2C (5.4), XIX3C (5.6), and XVII2′C (13.2) (all bracketed values in kcal mol -1 ). The substitutions in the single helix turn X are in this case highly endothermic, av. 6.9 kcal mol -1 , compared to 0.2 kcal mol -1 for the Ala f Lac mutations; 31 the substitutions in the single extended strands XVI and XIX are slightly less endothermic than the Ala f Lac mutations, av. 5.5 kcal mol -1
. If these values are used to "correct" the group-transfer energies quoted above in the brackets, and the resulting figures are subtracted from the Ala f Lac ∆E GT 's, the differences average to 3.0 kcal mol -1 in the case of the 3 10 -helices, where the O‚‚‚O separation is 3.5-3.7 Å, see section 3a, and to 3.6 kcal mol -1 in the case of the R-helices and -sheets, where the O‚‚‚O separation is 3.0-3.2 Å. Thus, the B3LYP/6-31G* estimate of the O‚‚‚O repulsion effect, see section 4, is 1.5-2.4 kcal mol In the case of the third category, the Ala f Lac mutations at the peptide bonds that are simultaneously N-H-acceptors and N-H-donors, the destabilization effect comprises three major contributions in a helix, and four major contributions in a -sheet. With the above estimates of these contributions in hand, and assuming that the effect of CdO basicity is slightly larger for the peptide bonds in the helix interior than in its first turn (i.e. 2.0 kcal mol -1 in the 3 10 -helix, 2.5 kcal mol -1 in the R-helix, HF/3-21G), one can now estimate the electronic binding energies of the backbone-backbone CdO‚‚‚HN interactions. Using the data for the mutations II6, IV9, and XIII 2′′, and scaling the results to the B3LYP/6-31G* level, the following maximum values are obtained for the presently examined set of the secondary structure models: 3 10 -helix D e ) -1.7 kcal mol -1 , R-helix D e ) -3.8 kcal mol -1 , and -sheet D e ) -6.1 kcal mol -1 . The observed trend in estimated D e 's is consistent with the earlier results of quantum-mechanical calculations on the isolated amide model systems 47 and with the available spectroscopic and structural evidence. 22 In contrast, molecular mechanics calculations yield reverse ordering of the R-helix and -sheet H-bonding energies. 48 This might be a consequence of using the same partial charges for both folds; it has also been suggested that the force fields using atom-centered partial charges cannot give reliable dependence of H-bonding energetics on geometry. 49 It should be noted that D e 's based on the group-transfer energies do not seem to capture the entire stabilization effect of H-bond formation in the complexes of polypeptides. For instance, the B3LYP/6-31G* data for XVI2 and XVIII2′′ give -sheet D e ) -7.7 kcal mol -1 without any correction for O‚‚‚O repulsion, and D e ) -5.3 kcal mol -1 with such a correction. On the other hand, the average values D e ) -7.8 or -8.6 kcal mol -1 are obtained using the total energies of XVIII and XVI or the total energies of XVIII and its isolated strands (from single point calculations), respectively. Assuming that the repulsion effect is properly accounted for, the difference can perhaps be attributed to the interstrand CdO‚‚‚H-C R interactions, see Section 3d, and to the stabilization of the individual strands upon formation of the threestranded -sheet. The latter possibility highlights the difficulty in isolating the "hydrogen bonding" energy in the case of interaction of two polar groups embedded in a polypeptide chain and will be discussed elsewhere.
Conclusions
Site-directed mutagenesis provides a wealth of experimental information which is often inherently difficult to interpret. This is particularly true in regard to the problem of secondary structure stability, since the local interactions might include nonclassical contributions (secondary bonding) which cannot be examined without quantum-mechanical calculations. One possible way to approach this problem is to describe a mutation in terms of an isodesmic equation. It seems now, at least in the case of the Ala f Lac substitutions, that this approach can indeed be successful. Heats of the group-transfer reactions between peptides and methyl acetate, ∆E GT (Scheme 1), are found to be quite sensitive to the features of secondary structure. Destabilizing effects of such mutations are absent in type I turns, small in the 3 10 -helices, somewhat greater in the R-helices, and quite large in the -sheet models; ∆E GT 's also tend to increase upon extension of the H-bonded array of peptide linkages. 50 Qualitatively, this picture is independent of the level of the theory employed since the HF/3-21G and B3LYP/6-31G* ∆E GT 's show a good correlation with the slope of 0.67, cf. Figure 7 . In several depsipeptide mutants, the "wild-type" H-bonding pattern and molecular geometry are distorted by compensating backbonebackbone interactions. In all other cases, the grouptransfer energies correlate with the H-bond distances in the "wild-type" structures, and with the charge-polarization indices of the mutated peptide linkages. Partitioning of the group-transfer energies into loss of interstrand and intrastrand H-bonds, decrease in CdO basicity, and O‚‚‚O repulsion, yields the following B3LYP/6-31G* estimates of the maximum electronic association energies of the backbone-backbone CdO‚‚‚HN bonds in the presently examined model structures: 3 10 -helix D e ) -1.7 kcal mol -1 , R-helix D e ) -3.8 kcal mol
, and -sheet D e ) -6.1 kcal mol -1
. These assessments will be affected by inclusion of the medium and specific solvation effects, the vibrational contributions, and the improvement of the theoretical model. Nonetheless, such corrections seem unlikely to alter in any fundamental way the emerging picture of considerable variation in charge polarization of the peptide bonds, and in the stabilization that the backbone interactions provide, in different elements of secondary structure. Thus, our findings corroborate the recent proposition that electronic configuration of the peptide bonds can vary along the amide rehybridization/ polarization path, and that the optimal stability of a given element of secondary structure requires a specific location of its peptide bonds along this path; 51 since electronic configuration of a peptide bond depends inter alia on the inductive and hyperconjugative side chainpeptide bond interactions, secondary structure stability may also depend on electronic properties of the amino acid side chains.
